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Abstract 
To investigate thermal protection effects of heat sinking vest with phase-change material (PCM), human thermoregulation 
model is introduced, and a thermal mathematical model of heat transfer with phase change has been developed with the enthalpy 
method. The uniform energy equation is constructed for the whole domain, and the equation is implicitly discreted by control 
volume and finite difference method. Then the enthalpy in each node is solved by using chasing method to calculate the tridi-
agonal equations, and the inner surface temperature of PCM could be obtained. According to the human thermoregulation model 
of heat sinking vest, the dynamic temperature distribution and sweat of the body are solved. Calculation results indicate that the 
change of core temperature matches the experimental result, and the sweat difference is small. This thermal mathematical model 
of heat transfer with phase change is credible and appropriate. Through comparing the dynamic temperature distribution and 
sweat of the body wearing heat sinking vest to results of the body not wearing this clothing, it is evident that wearing heat sink-
ing vest can reduce the body heat load significantly.  
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1. Introduction1 
As simple and practical thermal protection accou-
trements, heat sinking vests have been applied in many 
environments such as aviation, navigation, field battle, 
fire protection, transportation, metallurgy, nuclear in-
dustry, medical application and sports [1-2]. Heat sink-
ing vests can regulate the human body heat state in 
different environmental conditions, and according to 
the different cooling materials, heat sinking vests in-
clude liquid cooling garment, ventilation garment and 
heat sinking vest with phase-change material (PCM). 
Thermal research on heat sinking vest is based on the 
human thermoregulation model; protection perform-
ance of heat sinking vest can be studied by developing 
a thermal regulation mathematical model of the 
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“body-heat sinking vest-environment” system. Ref. [3] 
developed a two-dimensional mathematical model for 
human body thermal regulation in wide range tem-
perature environments, and studied skin temperatures 
and core temperature of the body wearing liquid cool-
ing garment in wide temperature environments 
(12-45 °C). Results showed that when environment 
temperature increased, the cooling effect could be en-
hanced while lowering the entrance temperature of 
liquid cooling garment. Ref. [4] investigated the hu-
man thermoregulation model wearing liquid and ven-
tilation cooling garment. This research indicated that 
in different environments, the deviation of the mean 
skin temperature between modeling and experimental 
results was less than 2 °C, and the core temperature 
deviation was less than 0.5 °C. Ref. [5] also presented 
an experimental study on heat sinking vest with PCM. 
Based on these works, phase-change heat transfer of 
heat sinking vest is carried out to simulate its thermal 
protection performance.  
The heat sinking vest studied here is vest-type 
Open access under CC BY-NC-ND license.
No.6 QIU Yifen et al. / Chinese Journal of Aeronautics 24(2011) 720-725 · 721 · 
 
structure, and there is a nylon strap on the abdomen so 
that clothes could fit the torso well. The PCM is water 
gelatin of hydrophilic polyacrylamide. Enthalpy method 
is used to establish a thermal mathematical model of 
heat sinking vest with PCM, and calculate the heat 
transfer process with control volume and finite dif- 
ference method to study the thermal protection per-
formance of heat sinking vest. 
2. Human Thermoregulation Mathematical Model 
Human thermoregulation system of this model is 
considered as a closed loop control system with nega-
tive feedbacks. The loop control system consists of 15 
segments representing head, neck, torso, two upper 
arms, two lower arms, two hands, two thighs, two 
calves and two feet, respectively [6-8]. This mathemati-
cal model is based on the Pennus bio-heat equa-
tion [9-10] as follows:  
2 2
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ρ λ ⎛ ⎞∂ ∂ ∂= + + + + −⎜ ⎟∂ ∂ ∂⎝ ⎠
&  
 (1) 
where ρ is body tissue density, c tissue specific heat, λt 
body tissue conductivity coefficient, T tissue tempera-
ture, qm tissue metabolic energy production per unit 
volume, qab respiration heat loss at head and torso 
segment, B&  blood flow rate per unit volume tissue, cb 
blood specific heat, Tai the ith segment arterial blood 
temperature which varies at each segment and is re-
lated to the central blood temperature, t time coordi-
nate, x and y are space coordinates in rectangle coor-
dinate system. 
To solve the human bio-heat Eq. (1), the body sur-
face boundary condition must be determined. For the 
thermal systems in this study, the body firstly wears 
work clothes; outside of the work clothes is the 
phase-change vest. In the actual heat exchange process 
among the phase-change vest, the human body and the 
environment, all the heat and mass transfer phenomena 
exist. Therefore, in establishing heat transfer model of 
phase-change vest, mass transfer should be taken full 
into account. To obtain the total heat flow of human 
skin surface, Qsk, we consider three cases, including no 
liquid water condensing in the work clothes, work 
clothes having liquid water condensing but no explicit 
display of human sweat and having explicit human 
sweat, to analyze the human-side heat flow boundary 
conditions of the vest in the phase-change thermal 
model. 
The following text is an example of the heat transfer 
process when the body surface is without explicit 
sweating and work clothes has no liquid water con-
densing, as shown in Fig. 1. The other two cases can 
be seen in Ref. [11]. In Fig. 1, Tsk is the human skin 
surface temperature, Tpc the inner surface’s tempera-
ture of the vest’s PCM, Ta the temperature of the ex-
ternal environment, Ip1 the thermal resistance between 
the human skin surface and the inner surface of the 
vest’s PCM, Ip2 the thermal resistance between the 
environment and the outer surface of the vest’s PCM, 
J1 the quality flow resistance between the human skin 
surface and the inner surface of the vest’s PCM, J2 the 
quality flow resistance between the environment and 
the outer surface of the vest’s PCM, ψ1 the moisture 
mass flow rate of human skin surface, and ψ 2 the 
moisture mass flow rate of the phase-change vest’s 
outer surface. 
 
Fig. 1  Heat transfer process when the body surface is 
without explicit sweating and work clothes has no 
liquid water condensing. 
The boundary condition of Eq. (1) is 
sk p1 1Q rφ ψ= +                (2) 
where φp1 is the heat flow between the human skin 
surface and the inner surface of the vest’s PCM, and r 
the water vaporization latent heat. 
In the thermal model of the phase-change vest, the 
vest’s human side heat flow boundary condition is 
sk pc
p p1
p1
T T
I
φ φ −= =              (3) 
where φp is the heat flow of the vest’s human side. 
Combining the boundary condition of the phase- 
change vest’s environment side, using the following 
analysis method to calculate the temperature distribu-
tion of PCM, the surface heat flow Qsk could be ob-
tained. 
Refs. [3]-[4] had studied the thermal boundary con-
ditions of the body surface in different environments, 
so this paper mainly focus on heat flow rate of the 
body surface covered with heat sinking vest. There are 
evaporation, conduction, convection and radiation 
between the surface and environment through heat 
sinking vest. The heat transfer of evaporation, convec-
tion and radiation has been analyzed and calculated in 
detail in Refs. [3]-[4]. So we only analyze the conduc-
tion heat flow between heat sinking vest and the body 
surface through heat transfer of phase-change vest. 
3. Analysis of Heat Transfer with Phase Change of 
Heat Sinking Vest 
To analyze the heat flow rate between heat sinking 
vest and the body surface, it needs to solve the inner 
surface temperature Tpc of the PCM. The following 
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content develops a mathematical model of heat transfer 
of heat sinking vest with PCM by using the enthalpy 
method, and calculate the heat transfer process. 
In enthalpy method, the enthalpy and temperature 
are to be the unknown variables in energy conservation 
function at the same time. The energy equation is es-
tablished in the entire region including liquid, solid 
and two-phase interfaces, and the enthalpy distribution 
is solved by using numerical method. As the enthalpy 
curve with time change is continuous, it is easy to cal-
culate the temperature and solid-liquid moving inter-
face when the enthalpy field is obtained. 
In order to simplify the heat transfer process, the 
following assumptions have been made: 
(1) The PCM is initially in the solid phase, and the 
phase change temperature is constant. 
(2) The main mode of the PCM heat transfer is 
conduction, and the effect of natural convection at the 
two-phase interface is considered negligible. 
(3) Compared to the length and width of the PCM, 
the thickness is relatively small so that we only con-
sider the heat transfer perpendicular to the skin sur-
face. The melting process of the PCM is simplified to 
the one-dimensional problem along the thickness di-
rection. 
3.1. Enthalpy formulation 
The phase change control formulation described in 
enthalpy can be expressed in terms of temperature and 
total volumetric enthalpy [12-13] as 
*
h( )
H H k T S
t
∂ + = +∂ ⋅ ⋅ν ∇ ∇ ∇        (4) 
where H is the total volumetric enthalpy, v the velocity 
vector of the liquid phase, k the thermal conductivity 
of the PCM, T* the current phase temperature of the 
PCM, and Sh the source term. 
If the source term is ignored, and speed influences 
on energy storage and release are considered by the 
amendments of thermal conductivity [14], the above 
energy conservation equation will change to 
                *( )H k T
t
∂ =∂ ⋅∇ ∇             
 (5) 
To modify the error calculated in the liquid phase, 
thermal conductivity k in Eq. (5) is substituted by the 
effective thermal conductivity keff  [15], and the equation 
can be expressed as 
*
eff( )
H k T
t
∂ =∂ ⋅∇ ∇             (6) 
eff l s(1 )k f k f k= + −            (7) 
*
m
*
m
*
m
0
0 1
1
T T
f f T T
T T
⎧    <⎪⎪= < <     =⎨⎪    >⎪⎩           
(8) 
where f is the liquid fraction of melt, ks and kl are the 
solid and liquid thermal conductivity of the PCM, and 
Tm the melting temperature. When the PCM is in a 
two-phase zone, * mT T=  and 0 < f <1. 
The relation between the total volumetric enthalpy 
H and the temperature *T  of the PCM can be written as 
*
m
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m
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or 
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where ρs is the solid density of the PCM, ρ l the liquid 
density of the PCM, λ the latent heat of fusion, and cs 
and cl are the solid and liquid specific heat of the 
PCM, respectively. 
For one-dimensional heat transfer in the PCM, an 
alternative form of enthalpy can be obtained: 
l
h h fa
t x x t
ρ λ∂ ∂ ∂ ∂⎛ ⎞= −⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠           (11) 
where a is the thermal diffusivity of the PCM. 
The thermal diffusivity is defined as 
eff
pc pc
k
a
cρ=                 (12) 
where ρpc is the density of the PCM, and cpc the spe-
cific heat of the PCM. 
3.2. Initial and boundary conditions 
Initially, PCM is solid, and its temperature is as-
sumed at a certain temperature below the melting 
point, viz. 
s s i m0, ( ,0) ( ), ( ,0) 0t h x c T T f xρ= = − =   (13) 
where Ti is the initial temperature of the PCM. 
The boundary condition of PCM body side at sur-
face x=0 is 
*
1 s
0
( )
x
ha T T
x
α
=
∂− = −∂             (14) 
where α1 is the heat transfer coefficient of the human 
side surface of the PCM, and Ts the skin temperature 
covered with the PCM. 
The boundary condition of PCM environment side 
at surface x=L is 
*
2 a( )
x L
ha T T
x
α
=
∂− = −∂          (15) 
where α2 is the heat transfer coefficient of the envi-
ronment side surface of the PCM, and L the thickness 
of the PCM. 
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3.3. Numerical discretization 
For inner nodes, Eq. (11) is solved by using a fully 
implicit control volume finite difference method. The 
discretization of Eq. (11) leads to the following 
scheme: 
1 1 1 1 1
1 1
l2
2n n n n n n nj j j j j j jh h h h h f fa
t tx
ρ λ
+ + + + +
− +− − + −= −Δ ΔΔ  (16) 
where Δt is the time step, Δx the space step, and the 
grids are uniform. The subscript j is the inner node 
number in solution region, j=1, 2, …, m−1. The super-
script n is the time layer number, n=0, 1, …, N. 
n
jh  and 
n
jf  represent the enthalpy and liquid fraction, 
respectively, from the nth time layer. 
Eq. (16) is set to 
+1 +1 +1
1 1 1 +1
k k k
j j j j j ja h a h a h b− − +− + − =         (17) 
where 
1ja aR− =                  (18) 
1 2ja aR= +                (19) 
1ja aR+ =                 (20) 
l ( )
n n k
j j jb h f fρ λ= + −            (21) 
2
tR
x
Δ= Δ                 (22) 
where superscript k means the kth iteration at node j. 
For the boundary nodes, Eqs. (14)-(15) are implic-
itly discreted to Eq. (23) and Eq. (27). 
1 1
0 0 1 1 0
k ka h a h b+ +− =             (23) 
where  
1
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pc pc
2
1 2
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1 2a aR=                 (25) 
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where 0
nh  represents the enthalpy of Node 0 from the 
nth time layer. And 
1 1
1 1
k k
m m m m ma h a h b
+ +
− −− + =           (27) 
where 
1 2ma aR− =                (28) 
2
pc pc
2
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α
ρ
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2 a m
l
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t T T
b h f f
x
αρ λ Δ −= + − + Δ   (30) 
where nmh  represents the enthalpy of Node m from the 
nth time layer. b, b0 and bm are source terms. For the 
phase change node, it needs to update the source term. 
Update formulation can be written as 
+1
+1
l
k
j jk k
j j
a h
f f ρ λ= +              (31) 
Based on the physical meaning of liquid fraction, 
each node in the update process should meet following 
conditions: 
1 1
1 1
1 1
0 0
k k
j j
k k
j j
f f
f f
+ +
+ +
⎧ > =⎪⎨ < =⎪⎩
           (32) 
3.4. Solution 
In order to calculate the enthalpy of each node in the 
(n+1)th time layer, the last iteration kjf  is used to 
solve the coefficients of Eq. (17), Eq. (23) and 
Eq. (27). Then the enthalpies 11
k
jh
+
− , 
1k
jh
+  and 11
k
jh
+
+  of 
Eq. (17), Eq. (23) and Eq. (27) are computed by using 
chasing method. The liquid fraction of each node is 
updated according to Eqs. (31)-(32) in order to 
get 1kjf
+ , then the total enthalpy of each node is ob-
tained. According to 1,kjf
+  21
k
jh
+
− , 
2 ,kjh
+  21
k
jh
+
+  and 
2k
jf
+  are recalculated, then the total enthalpy of each 
node in this iteration is obtained. Convergence at a 
given time step is declared when the difference in total 
enthalpy fields falls below a given tolerance. 
2 1
1 1
TOL
k k
k k
H H
cρ
+ +
+ +
− <         (33) 
where TOL is the chosen tolerance. For the present 
case, the value of TOL is set to 10−4. Then the calcula-
tion result 2kjh
+  is considered to be the real enthalpy 
1n
jh
+  in the (n+1)th time layer. Substitute solved en-
thalpies into Eq. (8) and Eq. (14) and obtain each node 
temperature in the (n+1)th time layer. So the inner 
surface temperature of PCM is 
1
pc 0
nT T +=                 (34) 
Heat flow rate of body skin surface, i.e. Eq. (1) 
boundary condition, can be solved with PCM inner 
surface temperature Tpc. According to human thermo-
regulation mathematical model built in Refs. [3]-[4], 
dynamic temperature distribution and sweat rate of the 
body in the (n+1)th time layer are calculated by finite 
element method (FEM). 
4. Results and Discussion 
To compare with experimental results in Ref. [5] 
and verify the heat transfer model discussed above, 
calculation conditions of this paper are set as fol-
lows [5]: environment temperature is 45 °C, relative 
humidity 50%, air speed 0.03 m/s, total thermal resis-
tance of basic clothing 0.226 (m2 · °C)/W, initial tem-
perature of PCM −10 °C and calculation time 1 h. Heat 
sinking vest is located outside of the basic clothing. 
Comparison of core temperatures between model and 
experiment results is shown in Fig. 2. Calculation 
sweat rate [4] is 278.7 g/h, and experiment sweat rate is 
303.6 g/h in Ref. [5]. In the experiment, the core tem-
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perature represents the rectal temperature; in calcula-
tion it represents the torso core temperature. The mean 
temperature of human skin surface is weighted by six 
points of skin temperatures including human head, 
torso, upper arm, forearm, thigh and calf. 
 
Fig. 2  Comparison of core temperatures between simula-
tion and experimental results with heat sinking vest. 
As seen from Fig. 2, when body wears heat sinking 
vest, core temperature curves obtained by simulation 
and experiment measurement share the same tendency. 
Their final values are consistent with each other, and 
the maximum difference is 0.26 °C. The core tem-
perature of model prediction is very close to that of 
experiment. Sweat rate of experiment measurement is 
a bit larger than that of model simulation. The main 
reason lies in experiment preparation time. This time is 
indefinite and cannot be estimated accurately. Real 
experiment time is longer than that of simulation. In 
addition, at the final period of experiment in the hot 
environment, body temperature is higher than the 
sweat threshold; experiment sweat rate will be more 
than that of simulation. But the difference is only 
24.9 g/h. So the heat transfer mathematical model is 
reasonable and reliable about heat sinking vest with 
PCM. 
To further study the thermal protection performance 
of heat sinking vest, it is necessary to compare body 
thermal states wearing the heat sinking vest and not. 
Heat loads are analyzed under the two cases. The en-
vironment and basic clothing heat transfer conditions 
are the same as that described in Ref. [5]. Comparisons 
of torso skin temperature, mean skin temperature and 
core temperature are shown in Figs. 3-5. In these fig-
ures, State 1 and State 2 express the body wearing the 
heat sinking vest and not, respectively. The calculation 
sweat rate in State 1 and State 2 are 278.71 g/h and 
527.36 g/h, respectively. 
Fig. 3 illustrates the comparison of torso skin tem-
peratures between State 1 and State 2. For State 2, 
torso skin temperature rises noticeably at first. When 
the temperature reaches the sweat threshold, the skin 
surface starts to sweat, and sweat increases signifi-
cantly as the skin temperature rises. Due to the heat 
taken away by sweat, the rising speed of skin tem-
perature is more stable than the previous speed, and 
 
Fig. 3  Comparison of torso skin temperatures between 
State 1 and State 2. 
 
Fig. 4  Comparison of mean skin temperatures between 
State 1 and State 2. 
 
Fig. 5  Comparison of core temperatures between State 1 
and State 2. 
the final calculation result of torso skin temperature 
reaches to 37.63 °C. For State 1, it can be observed 
clearly that with the influence of the cold energy re-
leased from the PCM, the torso skin temperature de-
creases significantly, and then increases gradually. One 
hour later, the torso skin temperature almost comes 
back to the initial condition, and the heat sinking vest 
has lost most of the thermoregulation ability. The final 
calculation result is 33.18 °C which is 4.34 °C lower 
than that of State 2.  
Fig. 4 presents comparison of mean skin tempera-
tures between State 1 and State 2. For State 2, it can be 
observed that the changing tendency of mean skin 
temperature is similar to the torso skin temperature, 
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and the final calculation result of mean skin tempera-
ture reaches 37.63 °C. For State 1, due to the effect of 
the torso skin temperature, the mean skin temperature 
increases at lower rates at first; and after the skin 
sweats, the rising speed becomes fast which is similar 
to State 2. The final calculation result is 35.72 °C 
which is 1.91 °C lower than that of State 2.  
Fig. 5 shows comparison of core temperatures be-
tween State 1 and State 2. For State 2, due to the skin 
temperature rises fast at first, the sweat takes away 
most heat, then the core temperature drops slightly. 
However, as the skin temperature rises continuously 
the core temperature increases fast, and the final cal-
culation result of core temperature reaches 37.87 °C. 
For State 1, with the influence of heat sinking vest, the 
core temperature varies stably, and the final calculation 
result is 37.71 °C which is 0.16 °C lower than that of 
State 2. In addition, when the body wears the heat 
sinking vest, the sweat is also significantly less than 
the result of the body not wearing the heat sinking 
vest. The sweat difference between them is 248.65 g/h. 
Above all, wearing heat sinking vest in hot environ-
ment can reduce body heat load and keep body more 
comfortable. 
5. Conclusions 
This paper develops a heat transfer mathematical 
model about heat sinking vest with PCM by enthalpy 
method. This model can analyze the heat transfer 
process and calculate the skin heat flow covered with 
this vest. On the basis of the human thermoregulation 
model, dynamic temperature distribution and sweat 
rate of the body wearing the vest are solved. To verify 
this model, work has been done to compare model 
simulation to experimental results in Ref. [5], results 
show that core temperatures are consistent with ex-
perimental results, and sweat rate differs a little. In 
addition, dynamic temperature distribution and sweat 
rate comparison that body wears the vest or not show 
that this vest with PCM can reduce body heat load 
significantly. The heat transfer mathematical model 
with phase change built above is reasonable and reli-
able, and it can be used to research thermal protection 
performance of the heat sinking vest with PCM. 
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